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SUMMARY

The propagation of force in epithelial tissues requires
that the contractile cytoskeletal machinery be stably
connected between cells through E-cadherin-con-
taining adherens junctions. In many epithelial tis-
sues, the cells’ contractile network is positioned at
a distance from the junction. However, the mecha-
nism or mechanisms that connect the contractile
networks to the adherens junctions, and thus me-
chanically connect neighboring cells, are poorly
understood. Here, we identified the role for F-actin
turnover in regulating the contractile cytoskeletal
network’s attachment to adherens junctions. Per-
turbing F-actin turnover via gene depletion or acute
drug treatments that slow F-actin turnover de-
stabilized the attachment between the contractile
actomyosin network and adherens junctions. Our
work identifies a critical role for F-actin turnover in
connecting actomyosin to intercellular junctions,
defining a dynamic process required for the stabil-
ity of force balance across intercellular contacts in
tissues.

INTRODUCTION

During the development of an organism, forces are propagated

between mechanically linked cells to alter the form of epithelial

tissues (Lecuit et al., 2011). Adherens junctions (AJs) are cell-

cell adhesion sites that mechanically couple adjacent cells within

a tissue, providing the physical link between cells (Desai et al.,

2013; Harris and Tepass, 2010; Takeichi, 2014). Importantly,

AJs are attached to a cell’s contractile machinery, consisting of

actin and myosin (actomyosin) networks and are required for

force propagation from one cell to another (Gorfinkiel and Marti-

nez-Arias, 2007;Maı̂tre et al., 2012;Martin et al., 2010). Defects in

AJ attachment to the contractile machinery result in failed organ

formation (GreeneandCopp, 2005; Juriloff andHarris, 2000), loss

of cell-cell adhesion (Martin et al., 2010), and are associated with

invasiveness of human carcinoma cells (Onder et al., 2008).

Despite its importance, how the cellmaintains the connection be-

tween the contractile machinery and AJs is unclear.
Developme
A common outcome of actomyosin network force generation

is apical constriction. Apical constriction is a common cell shape

change that transforms a columnar-shaped epithelial cell to a

wedge shape by reducing its apical surface area (Leptin, 1995;

Leptin and Grunewald, 1990). Apical constriction drives the

folding of epithelial sheets, such as during the invagination of

germ layers in gastrulation (e.g., ventral furrow) and during neural

tube closure. Apical constriction in Drosophila gastrulation is

driven by non-muscle myosin II (MyoII)-mediated contractions

of a filamentous actin (F-actin) meshwork spanning the apical

surface; MyoII contracts the meshwork centrally on the apical

surface, called the medioapical domain (see Figure 4A) (Franke

et al., 2005; Martin et al., 2009; Mason et al., 2013). During

MyoII-mediated contraction of the apical meshwork, AJ move

inward toward the medioapical domain, indicating they are con-

nected to themedioapical F-actinmeshwork (Martin et al., 2009).

Depletion of the AJ components E-cadherin, b-catenin, or a-cat-

enin results in the separation of the MyoII meshwork from the

junctional domain, further demonstrating that medioapical acto-

myosin is connected to AJs (Martin et al., 2010). Moreover, acto-

myosin contractility lacking attachments to AJs will generate

tension, but cannot reduce apical surface area (Martin and Gold-

stein, 2014; Roh-Johnson et al., 2012). Thus, actomyosin

contraction pulls inward on AJs from a distance, highlighting

the importance of connecting the contractile machinery to junc-

tional anchor points. Despite the importance of attaching the

cell’s contractile machine to junctions, the mechanisms that

mediate this connection remain poorly understood, though api-

cal constriction and apical tension have often been shown to

be associated with stable F-actin or elevated F-actin levels

(Haigo et al., 2003; Kinoshita et al., 2008; Lee and Harland,

2007; Spencer et al., 2015; Wu et al., 2014)

Here, we used Drosophila gastrulation as a model system to

identify mechanisms that promote the attachment of a contrac-

tile machine to AJs during apical constriction and tissue folding.

We performed a live-embryo imaging RNAi screen to identify

actin cytoskeleton genes critical for tissue folding. Our screen re-

vealed a prominent role for genes involved in F-actin turnover in

promoting stable force balance between cells. We show that in

wild-type cells, the connection between the cell’s actomyosin

meshwork and AJs is dynamic, with cycles of meshwork release

from the AJ followed by its rapid reattachment. Turnover of actin

subunits promotes the rapid reattachment of the apical F-actin

meshwork to junctions. Slowing the rate of F-actin turnover dis-

rupts this rapid reattachment, which destabilizes the balance of
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forces across the epithelium and results in neighboring cells

dramatically pulling each other back and forth. Our work demon-

strates that stable attachment between the contractile machine

and AJs during apical constriction requires rapid turnover of

the apical F-actin meshwork.

RESULTS

In Vivo RNAi Screen Identified Genes Required for
Stable Force Balance between Cells
To determine components of the actomyosin cytoskeleton

critical for the attachment of the contractile machinery to AJ

during apical constriction, we performed a live-embryo imaging

RNAi screen, targeting 50 actin cytoskeleton-related genes.

Prior genetic screens identified signaling pathways that promote

Drosophila gastrulation, but did not identify many components of

the cytoskeletal machinery, likely due to their required role during

oocyte development (Barrett et al., 1997; Häcker and Perrimon,

1998; Kölsch et al., 2007; Nüsslein-Volhard and Wieschaus,

1980; Schüpbach and Wieschaus, 1989, 1991). We constructed

a library of short-hairpin RNAs (shRNA) targeting individual actin

cytoskeleton genes (Table S1), as previously described (Ni et al.,

2011). UAS-shRNA expression was driven in flies carrying fluo-

rescent F-actin, MyoII, or plasma membrane markers and the

resulting embryos were imaged live (Figure S1A). To overcome

the problem that loss of many cytoskeletal genes result in

earlier developmental defects or arrest, we tuned the degree of

gene depletion to ensure proper embryonic development until

gastrulation, allowing us to assess the functions of genes whose

depletion would otherwise arrest development prior to tissue

invagination (Figures S1B–S1E). Quantitative (q)PCR and immu-

noblotting confirmed that UAS-shRNA expression efficiently

depleted mRNA transcripts and proteins, respectively, for most

targeted genes (Figures S1F and S1G).

In wild-type embryos, tension generated by actomyosin

contraction is predominantly directed along the long axis of the

ventral furrow (the anterior-posterior axis, A-P axis) (Martin

et al., 2010). Despite tension, tracked MyoII structures on the

medioapical surface of control-shRNA (ctl-shRNA) embryos

display very limited back and forth motion, with MyoII structures

moving less than 1.0 mm in distance (Figures 1A, 1C, 1E, and

S1I). The lack of significant movement in the presence of high

tension indicates that contractile forces are to a large extent

balanced in wild-type embryos. Our screen revealed that the

depletion of genes encoding regulators of F-actin turnover,

such as Drosophila Profilin (Chickadee, Chic) significantly

increased the range and velocity in which medioapical MyoII

structures moved along the A-P or dorsal-ventral (D-V) axes,

indicating a loss in the normal balance of tension along the

furrow (Figures 1A, 1D–1F, S1H, and S1I). The loss of F-actin

turnover phenotype was characterized by the frequent separa-

tions in adjacent medioapical actomyosin meshworks that sub-

sequently came back together (Figures 1A and 1B; Movie S1,

chic-shRNA). Abnormal movements of medioapical MyoII struc-

tures similar to chic-shRNA were observed following injection of

latrunculin A or B, actin monomer sequestering drugs (Coué

et al., 1987), further suggesting that the loss force balance and

movement of MyoII structures is due to reduced F-actin turnover

(Figure 1G; Movie S2). Reducing MyoII levels via shRNA-medi-
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ated depletion of Drosophila Myosin heavy chain (Zipper, Zip)

(Levayer et al., 2015; Vogler et al., 2014) suppressed the velocity

of MyoII movement following latrunculin B injection, demon-

strating that force generation by MyoII was responsible for the

chaotic movement of MyoII structures (Figure 1G).

This phenotype was distinct from the loss of cell-cell adhesion

as the depletion of cell adhesion proteins, such as theDrosophila

Afadin (Canoe, Cno), resulted in a rapid and permanent sepa-

ration of actomyosin from peripheral anchor points (Sawyer

et al., 2009) (Movie S1, cno-shRNA). Actomyosin separations

in F-actin turnover mutants could be reversed, but when cells

pulled back together, they would lose connections with other

cells, resulting in a chaotic back and forth movement of medio-

apical meshworks (Figure 1B). This defect eventually resulted

in the loss of cell-cell adhesion and failure to fold the tissue (Fig-

ures 1A and 1B; Movies S1 and S3), suggesting an essential role

for actin turnover during apical contractility and epithelial folding.

F-Actin Disassembly Is Upregulated in Apically
Constricting Cells
During Drosophila gastrulation, cells within the ventral region

undergo apical constriction to fold the tissue into the embryo.

Actomyosin contractility in apically constricting cells is regulated

by the ventral-specific expression of the transcription factors

Twist and Snail (Leptin, 1991; Martin et al., 2009). Interestingly,

we observed a striking decrease in cortical F-actin levels in

ventral cells, which express Twist and Snail, compared to non-

ventral cells during apical constriction (Figures 2A and 2B). Phos-

phorylation of actin depolymerization factor/Cofilin, (Drosophila

homolog, Twinstar) at Serine 3 has been shown to inhibit its

F-actin disassembly activity (Niwa et al., 2002). To determine if

Cofilin is differentially regulated in ventral cells, we generated

ventralized and lateralized embryos by depleting the ventral

fate inhibitor Spn27a (using Spn27a-shRNA) or the ventral fate

inducer dorsal (using dorsal-shRNA), respectively. The presence

of Snail expression around the entire circumference of the em-

bryo confirmed the ventralization of embryos in Spn27a-shRNA

embryos (Figure S1J), while the expansion of the lateral marker

Short gastrulation and the absence of Snail expression confirms

the lateralization of dorsal-shRNA embryos (Figures 2C and

S1K). Cofilin phosphorylation at Serine 3 was lower in ventral-

ized embryos compared to embryos that lack a ventral region,

while total Cofilin levels were unchanged (Figures 2C and

2D). To confirm that regulation of Cofilin is responsible for the

different F-actin levels in constricting cells, we depleted Sling-

shot (Ssh), the phosphatase required to remove inhibitory phos-

phorylation of Cofilin (Niwa et al., 2002). Ssh depletion disrupted

the ventral-specific decrease in F-actin levels (Figures 2A and

2B). Together, our data demonstrate that Cofilin and F-actin

disassembly is activated in ventral cells that undergo apical

constriction.

The Contractile F-Actin Meshwork Undergoes
Disassembly to Promote Apical Constriction
Our screen identified two genes that mediate F-actin disas-

sembly, Ssh and Drosophila Capulet (Capt), as being required

for stable force balance. Capt, also known as cyclase-associ-

ated protein (CAP), promotes actin depolymerization during

oocyte development and yeast CAP increases the frequency
evier Inc.
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Figure 1. F-Actin Turnover Is Required for Force Balance between Cells of a Contracting Tissue

(A and B) Indicated shRNA expression driven by a GAL4 driver expressing Sqh::GFP (MyoII) and Gap43::CHFP (membrane). The white arrows indicate MyoII

separations.

(A) Representative time-lapse images of MyoII and membrane. The scale bar represents 20 mm.

(B) Kymographs of MyoII and membrane signals using a line drawn along axis of the furrow. The red dotted arrow indicates back and forth MyoII movement and

the blue arrowhead indicates tissue invagination.

(C and D) Representative tracks of MyoII foci movement following ctl (C) or chic (D) depletion. The time indicates the length of track.

(E) Box and whisker plot of the distance MyoII moves along A-P axis following indicated gene depletion (*p < 0.00001). The data represent n = 2 embryos and 10

MyoII structures per condition.

(F) Box and whisker plot of MyoII structure velocity following indicated gene depletion (*p < 0.00001). The data represent n = 3 embryos and 20 MyoII structures

per condition.

(G) Box andwhisker plot of MyoII structure velocity following indicated gene depletion and injection (*p < 0.00001). The data represent n = 3 embryos and 20MyoII

structures per condition.

See also Figure S1, Table S1, and Movies S1, S2, and S3.
of Cofilin-mediated F-actin severing in vitro (Baumand Perrimon,

2001; Chaudhry et al., 2013). Immunoblotting of ssh- and capt-

shRNA embryo lysates showed a marked increase in phosphor-

ylated Cofilin levels and a decrease in Capt levels, respectively,

confirming the shRNA-mediated depletion of these F-actin

disassembly factors (Figure S1G). While ctl-shRNA embryos

exhibit a persistent decrease in apical F-actin levels over time,

total apical F-actin levels failed to decrease in ssh-shRNA em-

bryos and even initially increased in capt-shRNA embryos

(Figures 3D and S2A–S2C). Following an initial increase in

capt-shRNA embryos, total F-actin levels decreased during

late apical constriction (Figure S2C); we speculate that this

decrease is due to alternate disassembly mechanisms, such as

through MyoII, which has a reported role in F-actin severing
Developme
(Haviv et al., 2008; Murrell and Gardel, 2012; Vogel et al., 2013;

Wilson et al., 2010).

During apical constriction, pulses of MyoII accumulation

condense the F-actin meshwork to form a medioapical F-actin

focus that is subsequently dispersed (Figure 3A) (Mason et al.,

2013; Vasquez et al., 2014). Using three independent methods

to disrupt F-actin disassembly, ssh-shRNA, capt-shRNA, and in-

jection of a small molecule inhibitor of F-actin disassembly, phal-

loidin, we found that inhibition of F-actin disassembly disrupts

medioapical F-actin foci dispersal and F-actin overaccumulates

on the apical surface (ssh- 10/20 embryos, capt- 12/26 embryos,

and phalloidin-5/6 embryos) (Figures 3B, 3C, and S2D–S2H). In

addition, depletion ofSsh significantly slowed apical constriction

compared to ctl-shRNA (Figures 3E, S2A, and S2B), suggesting
ntal Cell 35, 685–697, December 21, 2015 ª2015 Elsevier Inc. 687
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Figure 2. F-Actin Turnover Is Upregulated in Apically Constricting

Cells

(A) Representative cross-sections stained for phalloidin (F-actin, gray) and

Snail (ventral region, green) following indicated gene depletion. The scale bar

represents 20 mm.

(B) Cortical F-actin levels in ventral cells, normalized to non-ventral cell F-actin

levels for each condition (n = 22 embryos per condition, *p < 0.0001, and **p <

0.01). The error bars represent SD.

(C) Lysates from Spn27a-shRNA (expanded ventral region) and dorsal-shRNA

(lacking ventral region) probed for indicated antibodies. The asterisk indicates

non-specific bands. The tubulin was used as a loading control.

(D) Average Phospho-Cofilin and total Cofilin levels in ventralized embryo

lysates compared to lateralized embryo lysates, normalized to lateral cell

levels. The data represent n = 3 experiments (*p < 0.0001 and n.s. is not sig-

nificant). The error bars represent SD.

See also Figure S1.
that F-actin disassembly is important for the contractile process.

Moreover, ssh-shRNA, capt-shRNA, and phalloidin injected

embryos failed to form a ventral furrow (ssh-17/27 embryos,

capt- 7/26 embryos, and phalloidin-5/6 embryos) (Movie S4).

Together, our data show that perturbing F-actin disassembly re-

sults in a failure to disperse the contracted medioapical F-actin

meshwork (Figure 3F), preventing apical constriction and furrow

formation.

The Medioapical Actomyosin Meshwork Releases and
Reattaches to AJs
To investigate the role of recycling actin subunits following

F-actin disassembly, we examined apical F-actin dynamics

using a fluorescent F-actin marker. During apical constriction,
688 Developmental Cell 35, 685–697, December 21, 2015 ª2015 Els
holes frequently formed in the apical F-actin meshwork and

were filled after 46.31 ± 14.5 s (Figures 4B and 4C; Movie S5).

Interestingly, live-imaging of embryos expressing F-actin and

plasma membrane markers revealed that dynamic meshwork

holes corresponded to plasmamembrane bleb dynamics, which

have been observed in a number of other contractile processes

(Charras et al., 2006; Liu et al., 2015; Ruprecht et al., 2015; Sed-

zinski et al., 2011). We observed that the appearance of F-actin

meshwork holes (Figure 4F) often corresponded with bleb pro-

trusion, while F-actin accumulation in the bleb corresponded

with plasmamembrane retraction. Thus, the formation of F-actin

meshwork holes is associated with plasma membrane blebbing,

with bleb formation and retraction kinetics similar to blebs in

cultured cells (Charras et al., 2006).

Strikingly, live-imaging of E-cadherin, MyoII, or Rho kinase

(ROCK) together with F-actin revealed that F-actin meshwork

holes preferentially formed between the centrally located con-

tractile machinery and peripheral AJs (Figures 4D, 4E, and

S3A). We propose that holes represent the F-actin meshwork

releasing and rapidly reattaching to AJs. As an independent indi-

cator of F-actin holes, we found that plasma membrane blebs

are statistically enriched between the cell centroid and the junc-

tions (Figures 4G, 4H, S3B, and S3C). These data suggest that

F-actin meshwork holes continuously form between the contrac-

tile machinery and AJs and are then filled, indicating that the

connection between the actomyosin meshwork and the AJs is

dynamic during apical constriction.

Actin Monomer Recycling Is Essential to Rapidly Fill
F-Actin Meshwork Holes
Because holes in the F-actin meshwork appear and are subse-

quently filled, we hypothesized that actin monomer recycling

was important to rapidly deliver subunits to reassemble the

F-actin meshwork in plasma membrane blebs to re-establish

the connection between the medioapical actomyosin network

and AJs. Our RNAi screen identified genes involved in actin

monomer recycling to be required for stable force balance.

Drosophila Chic and Ciboulot (Cib) bind globular actin mono-

mers to recycle monomers back to the filamentous state by

promoting assembly at F-actin barbed ends; loss of Chic or

Cib results in slower filament turnover (Boquet et al., 2000;

Cooley et al., 1992; Verheyen and Cooley, 1994). Holes in

the apical F-actin meshwork persisted �2.6 times longer in

chic- and cib-shRNA embryos compared to ctl-shRNA embryos

(Figures S4A and S4B). Moreover, depletion of these actin

monomer recycling genes slowed, but did not inhibit the loss

of total F-actin levels during apical constriction (Figures S4D–

S4F). Taken together, our data suggest that F-actin disassembly

and subsequent monomer recycling are important to disas-

semble contracted medioapical F-actin networks and to rapidly

fill more peripheral F-actin meshwork holes to maintain an apical

F-actin network that is attached to AJs (Figure 4B).

F-Actin Turnover Promotes Stable Coupling of the
Contractile Machinery to AJs
Our screen revealed that slowing F-actin turnover resulted in

abnormally high MyoII movement and, thus, loss of force bal-

ance between cells within a tissue (Figures 1, S1H, and S1I).

Because MyoII structures exhibited abrupt recoils away from
evier Inc.
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Figure 3. F-Actin Disassembly Is Required to Disperse Medioapical F-Actin Foci

(A–C) Time-lapse images of representative cells from embryos expressing indicated UAS-shRNA and Utr::GFP (F-actin) following indicated gene depletion. The

white arrow indicates medioapical focus. The scale bars represent 5 mm.

(D and E) The box andwhisker plot of the percent change in total apical F-actin level (D) and apical area reduction (E) 400 s after apical constriction onset is shown.

The data represent n = 3 embryos and �50 cells per embryo for each condition (*p < 0.0001 and **p < 0.001).

(F) Schematic of the requirement for F-actin disassembly for F-actin foci remodeling during apical constriction.

See also Figure S2 and Movie S4.
each other (Figures 1A and 1B), we speculated that there was a

defect in maintaining connections between mechanical struc-

tures. To test whether AJs themselves were compromised, we

localized E-cadherin and found that puncta continued to be

present at cell-cell interfaces following depletion of Ssh, Capt,

Chic, or Cib, similar to ctl-shRNA embryos (N = 15 embryos

per condition), albeit at slightly reduced levels (Figure S5A and

S5B). Additionally, injection of latrunculin A or B resulted in a

loss of force balance similar to chic-shRNA and cib-shRNA (Fig-

ures 1F and 1G; Movies S1 and S2) without disrupting peripheral

E-cadherin localization (Figures S5C–S5E; 6/6 embryos).

Together with the fact that medioapical actomyosin networks

can pull back together following chaotic movement due to a

force imbalance (Figure 1B), our data suggest that functional

AJs exist after disrupting F-actin turnover and that defects in

force balance under these conditions are not due to defective

AJs.

We next examined whether F-actin turnover facilitates the

attachment of the actomyosin meshwork to AJs by filling F-actin
Developme
meshwork holes. In ctl-shRNA embryos, the medioapical acto-

myosin meshworks remain centrally located on the apical sur-

face and are often connected between cells via MyoII fibers

(Martin et al., 2010) (Figure 5A). In contrast, perturbing F-actin

turnover via ssh, chic, or cib depletion or injection of small mole-

cule inhibitors resulted in transient separations of actomyosin

meshworks of adjacent cells, with medioapical actomyosin in

adjacent cells moving away from a shared intercellular contact

(ssh-11/22 embryos, chic- 6/15 embryos, cib-7/18 embryos,

phalloidin-5/6 embryos, and latrunculin B-5/7 embryos) (Figures

5B–5D, S2I and S2J, and S5C–S5E; Movie S6), resulting in a loss

of force balance (Figures 1E, S1H, and S1I). Importantly, phalloi-

din and latrunculin B were injected immediately prior to apical

constriction to acutely inhibit F-actin turnover, suggesting that

the RNAi phenotypes perturbing F-actin turnover are not due

to earlier developmental defects. Additionally, we observed the

uncoupled junction move in the opposite direction as MyoII

when F-actin turnover was disrupted, whereas junctions were

more stably positioned in ctl-shRNA embryos (Figure 5E). The
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Figure 4. Medioapical Actomyosin Releases and Reattaches to AJs during Apical Constriction

(A) Diagram of ventral furrow cell domains.

(B) Schematic of apical F-actin dynamics during apical constriction. The holes dynamically form in the F-actin meshwork between the contractile machinery

(magenta circles) and AJs (blue circles).

(C–E) Time-lapse images of live ctl-shRNA embryos expressing (C) Utr::GFP (apical and subapical F-actin), (D) Utr::CHFP (F-actin) and ubi-E-cadherin::GFP (E-

cadherin), or (E) Utr::CHFP (apical and subapical F-actin) and Sqh::GFP (MyoIl) are shown. The white arrowheads indicate F-actin meshwork holes, the yellow

arrows indicate AJs, and the red arrows indicate contractile machinery.

(legend continued on next page)
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movement of the actomyosin meshworks out of the medioapical

domain and the opposite motion of the junction, suggests that an

imbalance of forces exerted on the actomyosin network could

result from a loss of cytoskeletal coupling across a junction.

To determine the nature of this force imbalance, we examined

the apical plasma membrane of cells during actomyosin separa-

tion. Apical membrane tethers are indicative of a loss of the

mechanical linkage on the cytoplasmic side of an AJ connection

without the disruption of cell-cell contact (Maı̂tre et al., 2012;

Martin et al., 2010). We observed apical membrane separation

and membrane tethers during medioapical MyoII displacement

events in ssh-, chic-, and cib-shRNA embryos, (Figures 5B’’,

5C’’, and 5D’’). Membrane tethers were also visualized by scan-

ning electron microscopy following Ssh depletion (Figures 5H

and 5I). This is in contrast to ctl-shRNA embryos, which maintain

a continuous apical membrane across the tissue (Figure 5A).

Together with our visualization of dynamic F-actin meshwork

holes, our data suggest that during constriction the apical

F-actin meshwork releases some AJs, but rapidly reattaches to

AJs via F-actin turnover to promote force balance and maintain

the medioapical localization of the actomyosin network (Fig-

ure 5J). Slowing F-actin turnover leads to persistent F-actin

meshwork holes (Figure S4B), possible detachment from several

AJs, and thus a loss of force balance which results in actomyosin

abnormally moving out of the medioapical domain (Figure 5J).

Consistent with this interpretation, slowing F-actin disassembly

via capt-shRNA resulted in the formation of large F-actin holes

and tether structures spanning the gap between F-actin mesh-

works in adjacent cells (7/26 embryos) (Figures 5F and 5G).

A Dynamic Response Re-establishes Force Balance
between Cells
Following separation of medioapical MyoII structures, displaced

MyoII foci are re-centered in the medioapical domain, suggest-

ing that the force balance was re-established (Figures 5B’’’,

5C’’’, 5D’’’, and 6A–6C; Movie S6). Mechanical connections

are re-established (indicated by the recentering of medioapical

MyoII) in chic-shRNA and cib-shRNA embryos in �115 s, a

timescale similar to the filling of F-actin meshwork holes in these

embryos (Figures S4B and S4C). Similarly, we found that laser

ablation of apical F-actin networks resulted in actomyosin

separation, followed by re-establishment of mechanical connec-

tions across the incision (Figures 6D and 6E). Importantly, this

response is kinetically distinct from previously described wound

healing processes in the early embryo, asMyoII is recruitedmore

rapidly in apically constricting cells than in other cells in the

early embryo following laser ablation (Fernandez-Gonzalez and

Zallen, 2013). Re-establishing force balance for either chic-

shRNA, latrunculin B injection, or laser ablated embryos involved

MyoII recruitment to the junction between separated actomyosin

meshworks prior to the re-centering of the displaced medioapi-

cal MyoII structure (Figures 6A–6D and S5C; Movie S7). MyoII

recruitment and F-actin assembly at sites of increased tension
(F) Time-lapse images of ventral cells in cross-section expressing Utr::Venus (F

depletion and the white arrowhead indicates bleb protrusion. The dotted white li

(G) Representative images of fixed embryos expressing ubi-GFP::ROCK (ROCK

(H) Quantitative analysis of bleb position on apical surface. The data represent n

See also Figure S3 and Movie S5.
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have been associated with altered signaling pathways due to

force-dependent changes in protein interactions (del Rio et al.,

2009; Fernandez-Gonzalez et al., 2009; Leerberg et al., 2014;

Sawada et al., 2006). Thus, we tested whether activation of sig-

nals, such as RhoA-ROCK, serves as a mechanism to repair the

loss of force balance.

We observed that ROCK, an upstream activator of MyoII dur-

ing apical constriction, is recruited to cell interfaces following

laser ablation with similar kinetics asMyoII, supporting a hypoth-

esis whereby signaling pathways are activated in response to

detachment that recruits MyoII and re-establish force balance

(Figures 6E and 6F). To test whether myosin phosphorylation

by ROCK was required to recruit myosin to the junction, we

investigated whether MyoII, uncoupled from its upstream acti-

vating kinase, could accumulate at junctions following laser

ablation. MyoII dynamics (mini-filament assembly and disas-

sembly) is regulated by phosphorylation and dephosphorylation

of its regulatory light chain (RLC) via ROCK andmyosin phospha-

tase, respectively (Jordan and Karess, 1997; Karess et al., 1991;

Sellers, 1991; Vasquez et al., 2014). RLC phosphomutants

locked in a phosphorylated state (RLC-AE) localize to the cortex

independent of ROCK activity and are thus uncoupled from

upstream regulation (Munjal et al., 2015; Vasquez et al., 2014).

Laser ablation of RLC-AE embryos revealed that MyoII, un-

coupled from upstream kinase activity, does not accumulate at

junctions following the severing ofMyoII attachment to junctions,

whereas RLC-TS (wild-type RLC) did (Figures 6G and 6H). More-

over, RLC-AE mutants failed to re-establish that connection of

MyoII to junctions following laser ablation (Figure 6H), high-

lighting the requirement of signal activation upstream of MyoII

as a mechanism to maintain force balance across the tissue.

Taken together, our data suggest that cells respond to a loss

of force balance by activating a signaling cascade required to re-

cruit MyoII to the site of detachment to re-establish force bal-

ance (Figure 6I).

DISCUSSION

Force propagation across an epithelial tissue requires that cells’

contractile machineries remain attached to AJs. Here, we identi-

fied a role for F-actin turnover in promoting stable attachment of

actomyosin to AJs. Previously, junctional proteins, b-catenin,

a-catenin, and Drosophila Afadin (cno) were reported to be

required at the AJ to link to the contractile machinery. Loss of

any of these junctional proteins resulted in irreversible separa-

tions of apical actomyosin meshworks (Martin et al., 2010;

Roh-Johnson et al., 2012; Sawyer et al., 2009). In contrast,

depletion of proteins involved in F-actin turnover resulted in

separations of the contractile machine and the cell periphery, fol-

lowed by the dynamic repair of this separation (Movie S7). In

addition to the distinct phenotypes, F-actin turnover proteins

exhibit differential subcellular localization. While b-catenin,

a-catenin, and Afadin localize predominantly to AJs, tagged
-actin) and Gap43::CHFP (membrane). The red arrow indicates apical F-actin

ne shows the membrane position.

) and stained for Moesin.

= 3 and �20 blebs per embryo (*p < 0.05). The scale bars represent 5 mm.
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Figure 5. F-Actin Turnover Is Required to Connect the Contractile Machinery to AJs

(A–D) Time-lapse images of representative cell groups from embryos expressing the indicated UAS-shRNA, Sqh::GFP (MyoII), and Gap43::CHFP (apical and

subapical membrane). The colored dots track MyoII foci. The white arrows indicate membrane tethers and the red arrows indicate junction analyzed in (E).

(E) Line graphs show the position of junctions at time points followingMyoII displacement. The images are zoomed in junctions from (A)–(D). Thewhite arrowheads

indicate junction movement and the black arrows indicate direction of MyoII displacement.

(legend continued on next page)
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and endogenous Capt and Cib localized throughout the apical

cytoplasm (Figure S6), consistent with their requirement to

rapidly disperse actin throughout the apical domain. Interest-

ingly, Capt enrichment in the apical cytoplasm was specific to

apically constricting cells, because Capt becamemore junction-

ally localized in non-ventral cells (Figure S6A). The identification

of F-actin turnover’s role in regulating force balance reveals how

a dynamic cellular process promotes stability at the tissue level.

Force Balance in a Contracting Tissue Requires F-Actin
Turnover
The actomyosin meshwork must dynamically contract, but

remain attached to AJs for cell shape change and to propagate

forces across the epithelium (Roh-Johnson et al., 2012). Previ-

ous reports suggested that elevated F-actin levels are associ-

ated with apical constriction (Haigo et al., 2003; Kinoshita

et al., 2008; Lee and Harland, 2007; Spencer et al., 2015; Wu

et al., 2014). We demonstrated that in the Drosophila embryo,

F-actin turnover is upregulated and F-actin levels are downregu-

lated in ventral cells that undergo apical constriction in order to

promote force balance and apical constriction. Apical actomy-

osin meshworks generate force in a wide variety of tissues and

organisms (Blanchard et al., 2010; Booth et al., 2014; Lang

et al., 2014; Rauzi et al., 2010), our data show that F-actin turn-

over is an essential component of this system, which enables

forces to be stably propagated between cells.

F-Actin Turnover Reattaches theApical F-Actin Network
to Released AJs
We find that F-actin meshwork holes occur between medioapi-

cal MyoII structures and peripheral AJs (Figure 7A). Slowing

F-actin turnover prolongs the lifetime of F-actin meshwork holes

and results in displacement of medioapical contractile networks

away from destabilized junctional connections (Figure 7B). Our

data support a loss of the connection between the medioapical

actomyosin meshwork and the AJs upon slowing F-actin turn-

over. Loss of force balance is associated with the formation of

plasmamembrane tethers between cells, indicating the extracel-

lular attachments remain between cells. This suggests that some

part of the connection within the cytoplasm, either the cytoskel-

etal network itself or its link to the cadherin-catenin complex that

makes up AJs, is disrupted. Because strong attachment of the

cadherin-catenin complex to F-actin requires tension (Buckley

et al., 2014), it is possible that formation of an apical F-actin

meshwork hole would lead to the release of F-actin bound to

cadherin/catenin complexes. Pools of MyoII distinct from the

medioapical MyoII foci and ROCK are recruited to the unat-

tached junctions prior to the repair (Figure 7C), suggesting

that ROCK signaling plays an active role in re-establishing

force balance; uncoupling MyoII from ROCK signaling inhibits

this repair. Interestingly, separations between neighboring cyto-

skeletal networks were observed in mutants where MyoII was

uncoupled from its upstream regulators (Vasquez et al., 2014).
(F and G) Time-lapse images of representative cells from embryos expressing ind

The white arrows indicate the F-actin tethers.

(H and I) Membrane tethers (yellow arrows) observed by scanning electron micro

(J) Schematic of how loss of force balance results in the medioapical MyoII disp

See also Figure S4 and Movie S6.
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Thus, dynamic MyoII recruitment is required in conjunction

with rapid F-actin turnover to maintain force balance. Such a

dynamic response to loss of attachment is consistent with the

proposal that AJs function as mechanical integrators during dy-

namic tissue movements (Lecuit and Yap, 2015; Leerberg et al.,

2014).

F-Actin Turnover-Mediated AJ Attachment May Play
Essential Roles in Other Systems
We propose that rapid meshwork turnover is a mechanism for

attaching contractile machines to AJs during morphogenesis.

In C. elegans gastrulation, apical constriction is regulated by a

‘‘clutch’’ that directs contractile motors to engage the cell

periphery, leading to apical area reduction (Roh-Johnson et al.,

2012). Depletion of Rac, a GTPase implicated in promoting the

spatial and temporal distribution of F-actin (Hakeda-Suzuki

et al., 2002), resulted in the inability to engage the clutch. F-actin

turnover is an attractive candidate to modulate this clutch, as we

have shown here that turnover is essential for coupling the con-

tractile machine to AJs. Moreover, loss of Cofilin hinders apical

constriction in cultured endothelial cells (Schnittler et al., 2014;

Suurna et al., 2006) andmouse neural tube development (Escuin

et al., 2015; Grego-Bessa et al., 2015; Juriloff and Harris,

2000). Our work suggests that Cofilin-mediated F-actin turnover

in these systems could ensure stable mechanical coupling be-

tween contracting cells.

EXPERIMENTAL PROCEDURES

Bleb Analysis

Bleb positions were manually annotated by identifying protruding mem-

branes that appeared above cells. A bleb-centroid distance metric was

calculated by generating a ray from the geometric centroid through the

bleb position and a third point was defined as the intersection of the ray

and the edge of the cell. The bleb-centroid distance metric is the ratio of

the bleb-centroid distance to the membrane-centroid distance, where a value

of 1 is a position on the cell edge and a value of 0 is a position on the cell

centroid. To evaluate the spatial distribution of the bleb-centroid distance

metric, we generated a random set of points and calculated their distances

from corresponding cell centroids. Because these distributions were not

normal, we compared them using a two-sample Kolmogorov-Smirnov test

with an alpha of 0.05.

Image Processing and Analysis

Image segmentation for quantification of area and F-actin intensities was per-

formed using customMATLAB software titled EmbryoDevelopment Geometry

Explorer (EDGE) (Gelbart et al., 2012). A rotationally symmetric Gaussian

smoothing filter (kernel = 3 pixels, s = 0.5) was applied to raw images. We

made maximum intensity projections, summing the top two highest-intensity

values. Cell area and integrated fluorescence intensity of Utr::GFP were quan-

tified (Figures 3D, 3E, S2A–S2C, and S4D–S4F). Quantifications of F-actin

(Utr::GFP) are from a representative embryo of two (ctl-shRNA) or three

(capt-shRNA, ssh-shRNA, chic-shRNA, and cib-shRNA) embryos and at least

50 cells were analyzed for each embryo.

Box and whisker plots presented in Figures 1, 3, S1, S4, and S5: red line in-

dicates median. Bottom and top boxes mark the 25th and 75th percentile of the

data set, respectively. Black dotted lines mark the lowest and highest value of
icated UAS-shRNA and Utr::GFP (F-actin) following indicated gene depletion.

scopy in ssh-shRNA embryos. The scale bars represent 5 mm.

lacement and plasma membrane tethers.
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Figure 6. MyoII and ROCK Are Recruited to Released Junction

(A) Time-lapse images of embryo expressing Sqh::GFP (MyoII) and Gap43::CHFP (membrane). The red arrow indicates de novo MyoII foci.

(B and C) Schematic of cell outlines and MyoII structures (colored dots) corresponding with images in (A).

(D and E) The representative images of live embryos expressing (D) Sqh::GFP (MyoII) and Gap43::CHFP (membrane) or (E) Sqh::CHFP (MyoII) and ubi-

GFP::ROCK (ROCK) following mechanical severing of the contractile machinery attachment to junctions via laser ablation (red dotted line) are shown.

(F) Average timing of the recruitment of indicated proteins to junction following mechanical ablation (red dotted line) (n = 4 embryos and 3 ROCK/MyoII foci per

embryo). The error bars represent SEM.

(G) Average timing of wild-type MyoII RLC-TS and phosphomutant RLC-AE (uncoupled from upstream signaling) recruitment to junction following laser ablation

(red dotted line) (n = 3 embryos and �5 MyoII foci per embryo for each condition). The error bars represent SEM.

(H) Kymographs showing RLC-TS and RLC-AE recruitment to junction following laser ablation (red dotted line).

(I) Schematic showing loss of force balance and repair process. TheMyoII and ROCK are recruited to the unattached cell-cell interface prior to the re-centering of

MyoII and re-establishment of force balance (repair).

See also Figure S5 and Movie S7.
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machine.

(C) MyoII/ROCK accumulates at the released

junction and force balance is re-established. The

loss of balance and repair occurs repeatedly

(curved red arrow).

See also Figure S6.
data set. Red cross indicated outliers that are beyond 1.5 times the inter quar-

tile range of the box edges.

Hole persistence was quantified using FIJI by manually detecting the time

from the loss of apical F-actin signal (hole formed) to the reappearance of the

signal (filled in). There were six embryos that were analyzed per condition and

at least ten holes per embryo. Average hole persistence is presented in Fig-

ure S4B. F-actin levels in ventral and lateral regions of the embryos were

quantified using FIJI. At least 22 embryos were measured per condition;

for each embryo, two line scans crossing five cells were placed in the ventral

or lateral region and cortical F-actin intensity was measured for each cell. The

average intensity for each measurement is presented in Figure 2B. Error

bars represent SD. FIJI line scans were used to measure MyoII recruitment

(sqh::CH or sqh::GFP) and ROCK signals (ubi-GFP::ROCK) prior to and

following laser ablation. Data represent the average of four embryos, at least

three MyoII/ROCK foci per embryo. The average timing of protein recruitment

is presented in Figures 6F and 6G. Error bars represent SEM. Junctional and

medioapical E-cadherin levels were measured using FIJI. E-cadherin inten-

sity (AU) was measured within a 0.5 mm2 square at the junction and medio-

apical domain in image cross-sections. Data represent 50 cells from ten

embryos (ctl-shRNA), 22 cells from nine embryos (capt-shRNA), 30 cells

from eight embryos (chic-shRNA), 44 cells from ten embryos (cib-shRNA),

and 32 cells from six embryos (ssh-shRNA). The average ratio of junctional

to medioapical E-cadherin is presented in Figure S5B. Force balance was

measured in two ways: (1) MyoII movement was measured by manually

tracking discrete MyoII structures using MTrackJ plugin in FIJI. We tracked

large medioapical myosin structures, which were unambiguously identified

and similarly apparent when comparing wild-type and F-actin gene deple-

tions. The distance (mm) in which a MyoII structure persisted in the A-P or

D-V axis was measured and is presented in Figures 1E, S1H, and S1I. Repre-

sentative tracks shown in Figures 1C and 1D were plotted using MATLAB.

Data represent �20 MyoII structures from two embryos for each condition.

(2) MyoII velocity was measured by manually calculating the distance

discrete MyoII structures move over a specified time. The average velocity

is presented in Figures 1F and 1G. Data represent 20 MyoII structures from

three embryos for each condition.

See Supplemental Information for information regarding fly stocks, micro-

scopy, image processing, laser ablation, immunofluorescence, immunoblot-

ting, RNA isolation, reverse transcription, real-time qPCR, shRNA line genera-

tion, generation of GFP::Capt, and drug injections.
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Cdc42 and formin activity control non-muscle myosin dynamics during

Drosophila heart morphogenesis. J. Cell Biol. 206, 909–922.

Wilson, C.A., Tsuchida, M.A., Allen, G.M., Barnhart, E.L., Applegate, K.T.,

Yam, P.T., Ji, L., Keren, K., Danuser, G., and Theriot, J.A. (2010). Myosin II con-

tributes to cell-scale actin network treadmilling through network disassembly.

Nature 465, 373–377.

Wu, S.K., Gomez, G.A., Michael, M., Verma, S., Cox, H.L., Lefevre, J.G.,

Parton, R.G., Hamilton, N.A., Neufeld, Z., and Yap, A.S. (2014). Cortical F-actin

stabilization generates apical-lateral patterns of junctional contractility that

integrate cells into epithelia. Nat. Cell Biol. 16, 167–178.
ntal Cell 35, 685–697, December 21, 2015 ª2015 Elsevier Inc. 697

http://refhub.elsevier.com/S1534-5807(15)00753-4/sref45
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref45
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref45
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref46
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref46
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref46
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref47
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref47
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref47
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref48
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref48
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref48
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref49
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref49
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref49
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref50
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref50
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref51
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref51
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref51
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref52
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref52
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref53
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref53
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref53
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref53
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref54
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref54
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref54
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref54
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref55
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref55
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref55
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref56
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref56
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref56
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref57
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref57
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref57
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref57
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref58
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref58
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref58
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref59
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref59
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref59
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref60
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref60
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref60
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref61
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref61
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref62
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref62
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref62
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref63
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref63
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref63
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref63
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref64
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref64
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref65
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref65
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref65
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref66
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref66
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref66
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref67
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref67
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref68
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref68
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref68
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref69
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref69
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref69
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref69
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref70
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref70
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref70
http://refhub.elsevier.com/S1534-5807(15)00753-4/sref70

	Stable Force Balance between Epithelial Cells Arises from F-Actin Turnover
	Introduction
	Results
	In Vivo RNAi Screen Identified Genes Required for Stable Force Balance between Cells
	F-Actin Disassembly Is Upregulated in Apically Constricting Cells
	The Contractile F-Actin Meshwork Undergoes Disassembly to Promote Apical Constriction
	The Medioapical Actomyosin Meshwork Releases and Reattaches to AJs
	Actin Monomer Recycling Is Essential to Rapidly Fill F-Actin Meshwork Holes
	F-Actin Turnover Promotes Stable Coupling of the Contractile Machinery to AJs
	A Dynamic Response Re-establishes Force Balance between Cells

	Discussion
	Force Balance in a Contracting Tissue Requires F-Actin Turnover
	F-Actin Turnover Reattaches the Apical F-Actin Network to Released AJs
	F-Actin Turnover-Mediated AJ Attachment May Play Essential Roles in Other Systems

	Experimental Procedures
	Bleb Analysis
	Image Processing and Analysis

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


